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ABSTRACT 


The classical n-port resistance network design problem 
is defined and a common approach to its solution based on 
parameter optimization is offered. An alternative approach 
is then proposed in which dependent sources are introduced 
into the network and where dependent source parameters 
assume the primary roles in the parameter optimization 
problem. Development of the alternative approach leads 
to specification of a related adjoint network and ultimately 


momen meehetactone Ol aneaicetavive design algorithm. 
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ieee eRODUCTION 


A. CLASSICAL N-PORT DESIGN 

Decmemeo: Fhe N—-pomueresistance network is a classical 
problem in circuit theory {1]. Necessary and sufficient 
fomciprons are sought which guarantee realizability of a 
Baven real, symmetric, nonnegative definite nxn matrix as 
an admittance or an impedance matrix of an n-port network. 
The network is to consist entirely of real, positive-valued, 
tCwo-terminal resistance elements. Such necessary and 
mimirereniy CONGlul1Ons GO nou Exist, in general. 

Seluveon G1 the problem using parameter optimization 
mheory with the aid of the digital computer has been shown 
to be a sound practical approach [2]. The parameters to 
be optimized are simply the individual branch resistances 
Sieevne m—port network. In this context, optimizing param-— 
eters implies adjusting the branch resistance (conductance) 
values of the n-port network to achieve the desired network 
specified by the given impedance (admittance) matrix. In 
lieu of the set of necessary and sufficient conditions 
originally sought, application of parameter optimization 
m@eory end the subsequent generation of an iterative design 
algorithm result in convergence of the algorithm for reali- 


zable matrices and no convergence for unrealizable matrices. 





B. AN ALTERNATIVE APPROACH 
An alternative method is now proposed for solution of 
the parameter optimization problem where individual branch 
resistances are held constant and dependent sources are 
introduced into the network. The four basic types of de- 
pendent sources are shown in Fig. 1.1. The parameters of 
the dependent sources now assume the primary roles in the 
Soe mmeZau bone problem.  tnmeaddition, introduction of the 
weoenaent sources implies that more than one branch may 
now connect a pair of nodes. Whereas the original design 
algorithm relied on the single parameter influence of 
Branch resistance variation, the proposed alternative 
method allows multi-parameter influence in the variation 
of each of the dependent source parameters. 
Consistent with the original formulation, an exact 
solution to the resistance n-port design problem safely 
may be assumed to be impossible, in general. Therefore, 
@ quadratic error criterion is employed to define the 
parameter optimization problem. Specifically, the weighted 
sum of the squared errors between actual and desired entries 
in the given, nxn matrix at least assures convergence to 
a local minimum for realizable matrices. A typical quadratic 
performance criterion would be 
n 


n 
Go eel 3 5 
£=lk=1 


, O 
Wie Vee -Vug? (1-1) 








Fig. 1.1. 


(a) 


(c) 


Assumed configurations for the four basic 





(b ) 





(d) 


types of dependent sources. 
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(bi). 


cco 


GOR 


Voltage-controlled voltage sources. 
Superscript VV identifies branches 
Clheveeae woOUrCES . 


Voltage-controlled current sources. 
Superscript VI identifies branches 
of these sources. 


Curreme—-controlLled voltage sources. 
Superscript IV identifies branches 
of these sources. 


Current-controlled current sources. 
superscript Il identifies branches 
of these sources. 


Micon ouBocripye identities the controlling 
Deamcimana che D subscript identifies the 
dependent branch. 





Moro ecpreciictvs 4 cemeral vector of parameters to be 
optimized for an n-port network, and Jive, represents the 
desired value of the Kp eh entry of a general nxn admittance 


matrix 


Sine = 9 1 


Cation: Dy, 


Vn on > Oe ere 


whose poh Smacry 5 Yiege 


The Wy, are real, nonnegative weighting factors which 
ool, design Tlexability to the problem. For example, a 
given entry in the nxn admittance or impedance matrix may 


be ignored by choosing the corresponding w weighting 


kg 
mrevor Uo be Zero. in addition for situations in which 

the given matrix is nonrealizable, appropriate selection 
meone welehcineg factors 1S equivalent to effecting engineer-— 
ing compromises in the design. Finally, when dealing with 

an iterative design scheme, adjustment of the weighting 


Piievors Curing the course of iteration may serve to speed 


convergence. 





II. FORMULATION OF THE PROBLEM 


A. N-PORT DESIGN AS A SIGNAL APPROXIMATION PROBLEM 

The problem formulation parallels that of Director [3] 
Uomo mOoditicavions for the amtroduction of dependent sources. 
way the realization of a given, real, nxn admittance 
fave x LS CcOnsi@aered, recognizing the close similarity 
of the impedance realization problem. 

theweesomotance M@—-pory desien problem with dependent 
peMrces 15 Creaved aS a Slenal approximation problem. As 
Shown in Fig. 2.1, the general network under consideration, 
Genoved as nN; PocoolmeCmuOnlave Vell atenexcl Favioen and 
current response. Since the problem deals strictly with 
linear time-invariant resistance networks with the dependent 
sources, consideration need be given only to n linearly 
independent n-vector de port voltage excitation signals and 
their n corresponding n-vector de current response signals. 
The n-port resistance network with dependent sources is to 
Bewcharacterized by a given, real, constant, nxn admittance 
moe x Y requiring that the de independent voltage source 
port excitation n-vector 


Ab 
eee n? 















n 


General 





n-port network 
with 
resistances 


and 





eependens sources 


Fig. 2.1. General n-port network. 
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ieetre lagped aby 


nS ae (2-1) 


In addition, define the nxn nonsingular voltage excita- 


wien matrix 


Ne eee gia | 1 ¥ 
where 
v. = (v V V yt 
—] lela ok ravde 
Vv, = (Vv V V yt 
—2 Wes “22 me 
. = (v V V yt 
— Jide Aig ee ala 
iWe m columns of V, having been denoted as vs =. J a eee 


represent a set of linearly independent port voltage exci- 
tation signals. They define the corresponding het Ouee 


eurrent response matrix 


1b = [ i, lis] oo sil ij 
where 
as Lan 
4, = (44 35) inv 
-: 7 Hares 
i, = (ij5 155 ino? 
aw 37: Aue 
zn (ii, = oe aay 


ad 





The more general form of equation (2-1) can now be written 


mS Wy (2-2) 


pance ) loemonsingilar (because its columns are chosen to 
be linearly independent), its inverse exists and equation 
(2-2) can be written as 


y=iv? (2-2a) 


where the choice of the n linearly independent de n-vector 
exci vacton Signals is completely arbitrary. For convenience, 


therefore, let 
ee 


where U is the nxn unit matrix, allowing the nxn admittance 
regex FO be completely specified in terms of port current 
response signals by 


Y=... (2-3) 


ice pore ares. Stance desian problem with dependent 
sources can finally be stated as follows: 


fevenmaereal., COnscvant, mxn admittance 
matrix Y, obtain an n-port network com- 
prised exclusively of real, positive- 
valued resistances and of any combination 
of the four basic types of dependent 
BoumceccomcUch thay the mxn nonsingular 
olmmzemenclvalson, matrix V= U yields the 
POmel@erenn Tesponse Matrix 1 = Y (or 


indicate nonrealizability when appropriate). 


eZ 





B. CHARACTERISTICS OF THE N-PORT NETWORK 
1, With Two-Terminal Resistance Elements 
The resistance n-port network contains a maximum 
Sieem MOGeS and a Minimum Of m+til nodes where internal nodes 
have been suppressed with the star-mesh transformations [4]. 
ine minimal mode configuration occurs when there is a single 
node common to all ports. The maximum number of internal 


mo-vetiinal resistance branches, defined to be Mee is 


(2n-1) + (2n-2) +. ..t#21 


eo 
i 

SS 
H] 


al Qj = tole) 


Addition of an independent voltage source at each port 
brings the total number of branches to n =n (2n-1)+n=2n°. 
im general, the total maximum number of two-terminal 


Bieanches , Dg COMmmece ims na nodes is 


n,n = ey eee) = n(n_-i)/e. 


The minimal branch, minimal node configuration is found 


to be 


((m+1)-1) + ((nt1)-2) +. ..t+21 


= 
{ 
= 
tl 


n(ntl)—-n = ae 


Again, addition of an independent voltage source at each 


port brings the total number of branches to Aon = ae, 


aS 





Summarizing, the general n-port' resistance network 
contains n, nodes, where (nti<n_ <2n), and Ne total internal 
plus excitation branches, where (n° <n, <2n*). 

2. With Two-Terminal Resistance Elements and 

Dependent Sources 

The significance of the addition of dependent 
sources in the problem formulation lies in the fact that 
more than one branch may now connect a given pair of nodes 
in the network. Moreover, each node-pair which is connected 
by a single two-terminal resistance element is allowed the 
influence of every other similar node-pair in the network 
tyeusine the apprepriave dependent sources. 

A typical pair of nodes is shown in Fig. 2.2a which 
ijliustrates the introduction of dependent sources into an 
n-port resistance network. Each summation set equal to 
Zero represents a set of D dependent source controlling 
meamemes, woaere D is equal to the number of- internal re- 
mrorance Dranches in the network. For example, ae = 0 
meaeiescivs a Sev Of D current-—controlled eeteece sculls 
Senvurolling branches. Similarly, the remaining summations 
each represent a set of C dependent source dependent 
Dranches, where C is also equal to the number of internal 


D 


Mepresenvs a set of C voiltage-controlled voltage source 


resistance branches in the network. For example, = V 
C 


@ependent branches. 
‘Accounting for each branch in the network is critical 


mice subsequent derivation of the gradient expression, 
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B 


Pewee wea eracneral node-pair configuration. 





Cie ono tip l tweed wOode-pair configuration. 





therefore a standard notation is now introduced for numbering 
the network branches. First, the port excitation branches 
eeeemumbered from | Con. The resistance branches are then 
numbered from ntl to Bk Finally the dependent sources are 
numbered from att tO ny» where the controlling branch and 
the dependent branch of each pee oudene source are numbered 
Paauenvially., in that order. For example, the controlling 
g@eamnch Of the first dependent source considered is numbered 
n+ while the dependent branch is numbered ote « | 

All that remains in the problem formulation is to specify 
the limits on the total number of nodes na and of branches 


mn, due to the introduction of dependent sources into the 


b 
Metwork. Referring to Fig. 2.2a, each summation in series 
with the branch resistance represents Nees POss Ole eyo hie ce 
Boeumeces. o1nece there are four different summations, the 


maximum number of nodes n, in the network is found to be 


n = 2n + 4(n -n) = 4n ~-2n. 
n & gE 


Likewise, each of the four different summations connected 
To node-pair AB represents aes possible current sources. 
The maximum total number of internal plus excitation 


branches is found to be 


ny, = n, + (nn) = on in. 


To simplify the topological analysis of the network, 
May the nonzero branches of Fig. 2.2a need be considered, 


reducing the maximum number of nodes and branches required 


is 





pom@eumie Ene neuwork, Accordingly, Fig. 2.ceb illustrates 
icmp lLicaylOm Ou superposition to the general node-pair 
TMP reUPaviloiwOUuerteoo.ca.  Lme resulting simplified node- 
pair configuration leads to an equivalent but simplified 
fmeonmm of the original network. 

heteecria y Onto ewe Che presence of one or more 
voltage-controlled voltage source dependent branches or of 
awe rieoresCutCreChy—COnyrolhlca Current’ Source dependenv 
branches creates an additional node (denoted B') for each 
of the existing A= resistance Dranches. The maxinum 
number of nodes becomes ent ({n,-n) - ntn. Sim lary ese ne 
Presence of one or more current-controlled current source 
@ependent branches or of one or more voltage-controlled 
current source dependent branches creates an additional 
Branch which also connects none-pair AB. Therefore, the 
maximum number of resistance branches, simplified voltage 
Source dependent branches, and Simplified current source 


mepemncgent branches, denoted by no-n, Ss 


DL aol = n,-nt2(n-n) = 3(n,-n) 


An additional excitation branch at each port brings the 
total maximum number of branches for the topological analy- 


ears, CO 


a, = 3(n-n)+n = 3n,-en : 


Hemmeenvenience dn the simplified network, excitation 


Paces Varesnumoered from 1 to n, resistance branches are 


i 





numbered from ntl To Mee and dependent source dependent 
branches are numbered from Bove 1G ne: 
Note that zero-valued voltage and current sources as 
shown in Fig. 1.1 are indeed legitimate branches in the 
G6riginal unsimplified network. Their inclusion in the prob- 
lem formulation will become more clear when the adjoint 
network is formally defined in the next section. 
Sincere Me steneral M=port resistance network with 
dependent sources contains n, nodes where (n+1)<n<(in,-en), 
and n, branches where (n®) <n, <(5n Hn). The simplified 
form of the network contains n,_ nodes where (ntl)<n<(n tn), 
and n. branches where (n*) eng<(3n,~2n). 
tonplevcwomce | 1Catilon, therefore, of the given nxn 
admittance matrix Y assumes n separate measurement situa- 
tions for the n-port resistance network with dependent 
Peicces sack measurement SitWUation claims a Set of n dec 
port voltage excitation signals and n dec port current 


mecpomse Signals and an overall set of n, de branch voltage 


b 


ema, current Signals. 
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ii cient onmeOr Tih DESOTGN Ss CHEME 


A. OBTAINING THE GRADIENT EXPRESSION 

The assumption has been made that the given nxn admit- 
feameewnarree may mou be realized exactly. In addition, 
Since the admittance matrix is completely specified in terms 
of network port current response signals by equation (2-3), 
Meola al Approximatyyon criterion may be written from 


equation (1-1) as 


rn al A 
J(p) = = 78 Wey (pg, y )* (3-1) 
g=1]1 k=l 


where p now represents the 4(n-n)-vector of dependent 


MolGce Pparamerers to be Optimized. As before, the Wy, are 
the weighting factors, and oa) is the desired value and 
dig is the actual value of the yeh Gdempeorerresponse veut rems 


due to the 2° 


linearly independent dc n-vector port voltage 
eet avy Ol. 

A relationship is sought between dependent source 
Parameters and the given squared error approximation or 
performance criterion. This knowledge should allow adjust- 
ment of the parameters such that J(p) can be minimized. 
elcariy, the gradient of J(p) with respect to dependent 
pee emeacameverts is the desired relation. Director and 


Rohrer [2] have outlined the derivation of the gradient 


expression for the pure resistance n-port network upon 


irs 





application of Tellegen's theorem [5]. The derivation 
which follows is based on methods of variational calculus, 
Pagel parallels that of Director [3]. 

Minimization of the performance measure is subject to 
constraints imposed by network topology and by branch 
relations. A topological constraint with respect to 


Kirchhoff's current law is written as 


uD 
bie ia ley = 30) ele os ets = 
Kel mk k n 
where Q-= [aks is any n-1 by ny fundamental cutset matrix, 
and iy is the yeh Emanenmeumeenc.  Kirechhotf's voltage law 


mecomiaes a Second topological constraint which is written 


as 


1@| 
50 b 
=| 


' a 0 m = 1,¢2,...,n,-n +1 


where B = [bid is any np on +1 by n. fundamental loop matrix 


and ae is the Roe branch voltage. 


Branch relations for the network elements are written as 


D 


/ 


ee 0 fOue ee independent voltage 
source, where Vie is the desired 
value and Vie is the actual value; 
G, V,-1, = 0 for noe conductance branch; 
\ k k “k : 
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AE A 
Io = 0 
for voltage-controlled 
Vorlvage  S@urces ; 
yVv_ vag may: : 
D C 
leno 
To = 0 
for voltage-—controlled 
VI VI Clee sOlucces - 
In Be G 0 
eV eee 
Vo = 0 
BOrNecurren:=cont ro.) led 
voltage sources; 
yiV_y yiv =O ; 
D m C 
al 
Vo = 0 
hor "eurrens—concrol led 
CurrenGuesources. 
ae boo = 0 


Pomsisvent with the notation in Fig. 1.1, the C and D sub- 
Seerpcs indicate controlling and dependent branches, 
meemecyively, for the dependent sources. 

The topological constraints and branch relations are 
Pew appended to the performance measure using Lagrange 
multipliers. The augmented performance measure is then 


written as 


au 





eck ¢ Gini.) 
MG) = 2 ool = 1b w,, (i,,-i 
nen Oe ae ae 
n -l : ny n-n tl ; ny, 
+ > yo (elaae + 2 N ee Ones 
= mg Kel mk k2 ea m& en mk kg 
1@) 1a) 
yA8 Ae Vee Vice) ss : Me (Gv dy) 
k=] k=n+1 ; 
Ny 
VV VV VV VV VV 
FG Ag Teen + Aneo em 'eMke? 
k=n _ #1 
& 
Var VI Vi WAIL vale 
+ Aer Tae t nee Tee SVE y? 
Ly LV 1) ny LV 
+ Aer View t Ankeo Mpg PML iy? 
ie ea II Tit ion 
+A Ven * Ange “an Ba tgif (3-2) 


Although the network parameters doe not appear explicitly 


in the original performance measure (3-1), their influence 


is revealed in terms of the port current response 


mek=1, Pa ee emcee. if a given network parameter 


is incrementally varied 


oo 





p aes OD 


then 


and 


meen inerodueing an imcremental variation in all dependent 


earce wwaremevers., Dranca relations for the network elements 


become 
Ree (eee mee 
(v, +6v,) = Vi at for k”’” independent voltage 
source; 
Gucv. tov.) = (i. +64..) = 0 for kth conductance branch; 
k* k k k k : 
Int sre = 0 POP Volvace—-conbroliled 
vOlvTage Sources 
VV VV VV VV, _ 
(V5 +6V,°) = (utdu)(V, +6V,°) = 0 
Th + sree = 0 for voltage-controlled 
Cui@memumaelnr oes. 
Wal VI VI Vil 
(I, +61, ) - (eae ie +8V, ) = 0 
Va teva. = Q hOVmeliatenl—COnmL rolled 
VO semsources . 
IV IV IV 15) 6a 
(V5, +6V, ) - (rtér.) (In +61, ) = 0 


aS 





Vi. +6V = 0 for current-controlled 
current sources. 


ICE 


slit) - (a+68) (Iq +61 0 


one 


Meoverctiay altmough branch conductances are held constant, 
variations of conductance branch voltage and current appear 
Gue to the introduction of the dependent sources. 

Having incremented all dependent source parameters, 


equation (3-2) can be rewritten as 


nN al n Pa 5 
J(p+ép) z ly z (Ci, +64, ,)-4,,) 
Q= k=] 
nt : ny | n,-n,tl ; ny, | 
- y dX Peace: EG, + r yn Er Dd Wie a i, 
eel meg reat mk * ke ke a m2 Kel mk* kz kg 
nN al 
+ Meg (Veg FOV g-Vyeg) * = i, CG (vy, té6v,,)-(i,  +éi,,)) 
k=] k=nt+l1 
me 
VV WANS VV VV VV VV VV 
ee yy SF Hoty) + CaN ee ey) ae Me ane)? 
ken tl 
VI zvi VI Waal 
. ls oe © Ai | as Tye) - Cam, t6em, ) (Vo t6Vy 5 )) 
+ LV (Vel eevey) in (vy te) - (rm, +6rm, (pit pee 
eal kZ ve ae k kz 
le ie lank ee 11h ligt 
oa re (Vi ateVy es ey OL), 9? Grace (le Hot lt 


(os) 





Subtracting (3-2) from (3-3) and neglecting second order 


verms leaves the first order variation of the augmented 


performance measure written as 


53 (p) = J(ptép) -J(p) 


n n P 
= fy { Se eyo (a ae) oO 1 
Rey = eke sled ee kt 
ni : ny non + ; ny 
SPF F € Ou) mk Fo & 
ae mg aT mk “kg ae mg y=] Mie ser 
n n 
+ £ Mo 8Vieg + 7 Mg (GOV 4 6i,) 
k=1 k=nt+1 
My 
ey VV VV VV Vey ea 
ee coat ke ek ie 
kan +1 
Eg 
Wall VI VI Wall 1 agree SI 
Fg Ste t Aygo lt, pam, SV p-V) Samy) 
ry ey ey IV AA ces AYE 
+ ee Vig + Sens? ante rm, 61) - IT) orm,) 
IME a aE Iie Ie fie rit 
em ae rouge ic ie ek 2 3-3) 
After rearranging terms, equation (3-4) can be written 
mia more useful form as 


a> 





n 
éJ(p) : 2 ne C ank * + Hig App mhye) : Met 
g=1 m=1 neil k=1 k=nt1 
My 
VWI VI IV 
$Date * ke 7 Ma Keo * (1-8 ae cere) 
k=n +1 
g 
np ntl ; ny, : n - De - 
+ he r 2 + > A - > r 
m=1  ™* yaq mk k=1 **  yensi KE X 
Ay 
We. ee ip ee 
+ (Cl- my) ego" aL po ees men mtergi) fe || OM 
k]=n +l 
g 
2b 
VV _VV VI VI ,IV IV II _II 
~ EO aM pM Ap oVicg SEM FA pot g Sem try oly, 88y) 
k=n +1 
g 
(3-5) 


Equation (3-5) has thus been written as a summation of three 
general terms: (1) terms multiplied by current variation 


éi (2) terms multiplied by voltage variation 6 Vy and 


kp? Qe 

(3) terms which include variation of all dependent source 
parameters. Hence, the desired gradient information lies in 
the third general term of equation 3-5. The final form of 
the gradient expression on which the iterative design algo- 


rithm is to be based will appear following definition and 


treatment of the adjcint network. 
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B. DESCRIPTION OF THE ADJOINT NETWORK 
Attention is now given to the description of the 

so-called adjoint network in order to gain a useful inter- 
MieetCavion Obethe Lagrange multipliers introduced in the 
SuementLation Of the performance measure. In addition to 
me Oniedina | network Nl, consider an adjoint network Q 
which is topologically equivalent. Tree branch voltages 
and network branch voltages in the adjoint network (as in 


any electrical network [6]) must be related by 
fe debe = te = [moa (3-6) 
mk m k 


where v,, is an (n_-1 by l)-vector of tree branch voltages 
and v, is an (n_, by l)-vector of network branch voltages. 
bikewise, link currents and network branch currents in the 


adjoint must be related by 
cee ola a) = fo Gen 
mk m k 


where on is an (n,-n +1 by l)-vector of link currents and 
Ly is an (n,, by 1)-vector of branch currents. Since the 
only restriction on the adjoint network N 1S Gloene ale Jove 
topologically equivalent to the original network Uke the 
branches of nr are free to be specified in some convenient 
manner. 

Consider the first general term of equation (3-5). 


2 pee biamel VOoluvate in Ae Now define 


th 


Define My as the gh 


_ Ww) (i) -i,) Pometcmie sport de vyoltace excitation and My 





as the oh Ceonuuvertance Dranchn voltage in Nn. SMwaedevel, 
VV va VI IV dial ligik 
define - MeL? ~ Me? ~ Mio» PM AL 3 ~ MD? and BAKO sys EINE: 


remaining Dranch voltages in nN. With these definitions, 
the first general term of equation (3-5) is seen to be 
identical in form to equation (3-6), and this term vanishes. 


Now consider the second general term of equation (3-5). 


Define Ne as the Koh iyi emer en. in). Define i. as the 


k 
current in the yeh 
ele) 


Pere Oc byOlbace excitation branch and 


ee as the k 


Kok COmeMebanceepranich current in Ae Salma ary 


; VV VV VI IN IV ea 
define Myo? 7 HAs 7 EM Ao» Ae? Ko? and eT 


Eemaining branch currents in 1. Vitti Giese det tary Loman 


as the 


the second general term of equation (3-5) is seen to be 
identical in form to equation (3-7), and this term likewise 
Vanishes. 

Having eliminated the first two terms of equation (3-5), 


jm can now be written as 


VV ..VvV VI VI 
Oo oVicg Shy * Sp poVy, Sem, 


Lye ee edo 
+ A pot, orm, + Mpoticg 58x 5 


Siesusing vector notation as 


i 
éJ(p) = ¢£ { [vo(p)][6P] a (3-8) 
R=] 


PO 
CO 





where the (n,-n by 1) gradient vector VJ(p) is defined as 


g 


I 
>» 
<< 


VJ (p) 3 (3-8a) 


and the (n,-, Dy mpetemc scm acrietlon Vector ob ds 


defined as 


6éP = :  ?. (3-8b) 


é6rm 


6B 


iiewtemaining definitions for the adjoint network follow 
directly from the derivation and subsequent manipulation of 
equation (3-5). To simplify notation, the 2 subscript will 
wet oe 2nciuded in defining branch voltages and currents 


inkl, Spiele weymachually Exists for each of the n differ- 


ewe —-Vecvor excitation situations in the adjoint. Now, 


ey 





define for nN 


¥ erm, (4, -i,) Tae poms GC JeOlearte exci als on 
OeGuOl Ae) Heyer 2 
> =) vas port de voltage excitation 
k “k 
SeBsgKelal Weare ge 
are ,rh conductance branch voltage; 
of a) ee Seenauctance Dranch current. 


¥y =0 COnurolling Dranch voltages; 
opveaty Conmnol im nee branch currents ; 
On Huy” dependent oranch securrents ; 
We BoAed dependent branch voltages. 


mer Voltagce—-concrolled current sources, define 


,VIe 


D 0 COM rolsLrne branch sCurrencs ; 
Wy =e eontrolling branch voltages; 
on Temp Yn” dependent branch currents; 
Ya Shag dependent branch voltages. 


For current-controlled voltage sources, define 


pau 0 eOrorcllnne branch voltages 


a8 





EY oe 


oH = hao Coumeolbline branch currents; 
1 eae fey 
Yo =P? JepemaenusO ranch VolLages ; 
pene! dependent branch currents. 


C Cl 


For voltage-controlled voltage sources, define 


057 =0 eommeolling branch Currents ; 
ee controlling branch voltages; 
Yo ==Bp YD few eioemMumbranen Volumes : 
bo Aas dependent branch currents. 


In summary, the adjoint network Rr is related to the 
original network ] in the following manner. 


(1) Nana Aare topologically identical. 

(ii) All conductance brances of value G in 
nN enema cscoctavred=s with conductance 
Deckers Tee alte 9G ii) NK. 

(iii) Voltage-controlled voltage sources with 
parameter zy in “i are associated with 
current—controlled 6UerenusSOurces, With 
Pocameveiu—y in nN, Engel Ibloke see les We)g 
controlling and dependent branches in 
n ares treverscd in nh ; 

‘(iv) Current-controlled current sources with 
parameter g in Yn are associated with 
voltage-controlled voltage sources with 
parameter -—@ in V, aecmeme roles of 


controlling and dependent branches in 


YL are ewer Sed int Nhe. 


cal 





(v) Voltage-controlled current sources with 


parameter ae and current-controlled 


VOoLGacomseulces Wltn parameter sa aja nr 


are associated with voltage-controlled 


CUumrecny Sources Wilh parameter am and 


Current —eontroliled yoltTage sources with 


Devamever Pa? Recweerively, ian hn with 


the roles of controlling and dependent 


Joieenaelovetss alia nN being reversed inn. 


Percoreliistertn Ub tl izing previous definitions, equation 


(3-8a), which is the expression for the gradient of the 


performance measure with respect to dependent source 


parame ers ; 


can be written in final form as 


v VV 
De Ue 


Wat. wae 
%D Vo 


VJ(p) = : , (3-9) 


in order to minimize the performance measure, the dependent 


Beurce parameters are to be adjusted in the negative 


gradient direction, - VJ(p). Physically, the gradient 


meeormebion 1s seen Co be products of controlling branch 


wmoltaces or currents in nN and corresponding dependent 


Branem voltages or currents in Ro. 


wa 
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C. A NOTATIONAL EXAMPLE 

An example will now be given to illustrate notation, 

BO t!lustrate the correspondence between the original and 
Hafoule Meuworks, ame to identify components of the gradient 
expression. 

Figure 3.1 shows a simple 2-port resistance network, /, 
with 3 different types of dependent sources. Since the 
example is intended to illustrate notation, numerical values 
for the resistances and for dependent source parameters are 
not specified. Branches are numbered in accordance with the 
convention previously established in problem formulation. 

Figure 3.2 shows the related adjoint network, N, 
penerated with the aid of relationships defined in the 
Meevious section. Note that the original and adjoint 
metworks are topologically equivalent. ; 

MiemeoimlieoMentomeme tne Gesired=egradient iniormagion can 
now be identified Hise smom VO boa tesmanGd CUrreias 1) if 


and in Nn. The gradient expression, equation (3-9), for 


this example is 


VV 2 Vy 
meg wG 


vI(p) = | - 3" Ig° . Calay 


yil SIE 
Oa) 


ae 








Fig. 3.1. Example 2-port network (original). 





Fig. 3.2. Example 2-port network (adjoint). 
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and the parameter variation is given by 


se = SPms ‘ 


The first term of equation (3-10) is seen to be the 
negative of the product of the voltage-controlled voltage 
pource controlling braneh voltage in nN aie. wile oie Wee 
fonurolled current source dependent branch current ‘um Jf. 
Similarly, the second term is seen to be the negative of 
the product of the current-controlled voltage source con- 
meclling bDraneh current ian PX ana GhewMeUnrene—Conuromiled 
voltage source dependent branch current ie Finally, 
the third term of equation (3-9) is the product of the 
meeceiueconurolled  scurrenly Source controlling branch 
eurrent in Q ana Une OR age-conurollea yolvage Source 


rw 


dependent branch voltage in YN. 


tee & PROPOSED ETTERATIVE DESIGN ALGORITHM 
Mine tate Vou oribim Or the Gestion of resistance 
n=-port networks with dependent sources is now proposed. 


(i) Initially, let all dependent source 
Parameters ove equal Co zero. 

Cine apo ly the gh CR eee yn) Of 
the n linearly independent n-vector 


acevoltage excitations to ie 


3) 





(111i) Measure all dependent source 
Controle branch voltages 
and CU bmembs s14 nN. 

(iv) Calculate the current response errors 
ciG melee pORt > . 

(v) Apply these n port current response 
errors as voltage excitation at the 
COmrespOnGdameepOrlcs Of Ve 

(vi) Measure all dependent source control- 
ling branch voltages and currents in 
QR and multiply them with correspond- 
iiweCependehtwmmsource —COntrollige 
Drancm VOltages and currents in We 


th 


This forms the 2 set of the maximum 


4(n,=n) components of the gradient 
S58 SSS aye ale 
(vii) Let 2=2+ 1 and return to step (ii) 
being certain upon reaching step (vi) 
to add newly calculated components of 
rMicmseaGmion we Ores otOm co une COorre= 
sponding previously calculated components. 
Kwecune tts step for (f=1, 2, . +. +, n) 
Wnereby Obtaining the complete gradient. 
(viii) Adjust the dependent source parameters 
im the negative pradient direction. 
(ix) Repeat the entire procedure from 
step (ii) until the performance 
measure has been suitably minimized 
or until some other termination 
Ce rerione Nasmpecen Sabistied. 
A number of comments are in order with regard to this 
proposed algorithm. Step (ii), for a given 2, normally 
th 


implies inserting a 1 volt source across the k& Dore 


Pieemica ema Inserbine 0) YOlG sources across the remaining 
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n-l ports. Steps (iii) and (vi) assume the availability of 
a general circuit analysis program such as the IBM ECAP 
program [7] for measuring voltages and currents in both the 
original and adjoint networks. 

A final comment deals with step (viii). The dependent 
source parameters are to be adjusted in the direction of 
Seeepesc descent for each iteration of the design algorithn; 


that is 

ase lh = pt 7 xt bueican ye i=l, 2, 
where superscript itl or i indicates the iteration number 
Bnideae ts a real, nonnegative step size determining constant 
Peecie may vary from iteration to iteration. The proper 
Piemeenol a 15 Crivical using the steepest descent algo- 
mien OUulimed here and a gpood discussion regarding the 
selection of a and the use of the steepest descent technique 


ean be found in [8]. 


Shi 





IV. CONCLUSION 


The classical n-port resistance design problem has been 
defined. A practical approach to its solution has been to 
cast the problem as a signal approximation problem and then 
tO apply parameter optimization theory to minimize an 
Sst abies ieGmapproximaL lon criterion. | 

The alternative approach offered involves the introduc- 
CTion of dependent sources into the network holding branch 
resistance values constant. The dependent source parameters 
then assumed the primary roles in the parameter optimization 
Promlem, Werivacion of the gradient expression led to the 
generation of an iterative design algorithm which could be 


pioftranned on Che digital computer. 


‘\ 


38 





tion REN ERENCES 


"The Realization of n-Port Networks Without 
Transformers - A Panel Discussion," IRE Transactions 
on Circuit Theory, Vol. CT-9, pp. 202-214, September 
1962. 


SeevDimceroreantd kh. A. Rohrer, “On the Design of 
Resistance n-Port Networks by Digital Computer," IEEE 
Transactions on Circuit Theory, Vol. CT-16, pp. 337- 
3460, August 1909. 


Sim Dimccuor  humemared Network Design: Frinciples 


Mite Lo CMim@ealos rim. i.) ENesis, University of California, 
Berkeley, 1965. 


Doe orhelecrwork Ihneory: Analysis and synthesis, 
Boston, Massachusetts, Allyn and Bacon, 1966. 

Ce ea esie@cm and Ea oeeeun, Basic Circuit Theory, 
New York, New York, McGraw Hill, 1969. 
Sooke rn lecwOrk a OnOology, private notes. 


"TBM 1620 Electronic Circuit Analysis Program," IBM 
Ceiepertar em, White PFlains, New York, Application 
Program 1620-EE-02xX, 1965. 


G. A. Bekey and W. J. Karplus, Hybrid Computation, 
New York, New York, John Wiley and Sons, 1968. 





errs DISTRIBUTION sites 


No. copies 


Defense Documentation Center 2 
Cameron Station 
Alexandria, Virginia 22314 


iibrary, Code O2le 2 
Naval Postgraduate School 
Monterey, California 93940 


PpwemessOr oss h. Parker, (Code 52Px a 
wenarememc eo; Electrical Engineering 

Naval Postgraduate School 

Monterey, California 93940 


Enc valeran Mo Ritter euson il 
Division of Naval Reactors 

ie owenwonlue nergy Commission 

Mido Maceo DiC. 20545 


40 





Secunty Classification 









DOCUMENT CONTROL DATA-R&D 


(Security classilication ol title, body of abstract and indexing annotation must be entered when the overall report is Classified) 


2@. REFORT SECURITY CLASSIFICATION 
Une lascit ied 
. o-m2. | 
3 REPORT TITLE 


Design of Resistance N-Port Networks with Dependent Sources 


1. ORIGINATING ACTIVITY (Corporate author) 


Naval Postgraduate School 
Monterey, California 93940 
















4 OESCRIPTIVE NOTES (Type of report and inclusive dates) 


Master's Thesis; September 1972 


$5. AUTHOR(S) (First name, middle initial, last name) 


William Merrill Ritter 


' 96. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS 
: | peptvember 1972 ho Q 


} Sa. CONTRACT OR GRANT NO 98. ORIGINATOR’S REPORT NUMBER(S} 





. PROJECT NO. 


9b. OTHER REPORT NO(S) (Any other numbere that may be assigned 
thie report) 


- OISTRIBUTION STATEMENT 


Pemoved for public release; distribution unlimited. 


- SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 
Monterey, California 93940 


13. ABSTRACT 
The classical n-port resistance network design problem is 

Seemed and a common approach to its solution based on parameter 
optimization is offered. An alternative approach is then proposed 
in which dependent sources are introduced into the network and 
where dependent source parameters assume the primary roles in the 
parameter optimization problem. Development of the alternative 
approach leads to specification of a related adjoint network and 


ultimately to the generation of an iterative design algorithm. 


DD 473 re 
NOV 65 ah 


S/N 0101-807-5811 Security Claesificstion 


4-31408 — 








Security Classification 


14 LINK A LINK 6B ' 
KEY WORDS 
Jan ee ee 


feecerc Design with Dependent Sources 





DD °°.1473 (eack) 


Sean 01 - “fn i) . Pr 
ae eae} be) Security Classification A-313095 




















thesR5g4 





